Colloidal semiconductor nanocrystals have great potential as inks for printable optoelectronic devices provided that the electrically insulating surfactant shell can be removed.^[@ref1]−[@ref3]^ Without organic ligands, the resultant nanocrystals should form close contacts, allowing carriers to delocalize and the charge mobility to increase.^[@ref1],[@ref4]^ Early attempts to achieve this structure replaced the native surfactants on II--VI and IV--VI semiconductor nanocrystals with more volatile and labile organic ligands like pyridine so that films could be cast from solution and the ligand shell desorbed under vacuum. These approaches, however, were unable to completely exchange the starting surfactants^[@ref5],[@ref6]^ and produced films with low charge mobilities (\<1 cm^2^/(Vs)) and hysteretic transport.^[@ref7],[@ref8]^

The difficulty encountered in ligand exchange stems from the cadmium- and lead-rich stoichiometry of these nanocrystals, which balances charge with an anionic surfactant shell.^[@ref9]−[@ref15]^ Following Green's covalent bond classification scheme, we refer to these anionic ligands as X-type (*e.g.*, ^−^O~2~CR, ^−^HO~3~PR, ^−^SR, ^−^Cl), which are distinct from neutral, two-electron donor ligands, or L-type ligands (*e.g.*, NH~2~R, PR~3~, HSR).^[@ref16],[@ref17]^ A third class, Z-type ligands (*e.g.*, Cd(O~2~CR)~2~, Pb(O~2~CR)~2~, Cd(HO~3~PR)~2~, Zn(SR)~2~, CdCl~2~), acts as neutral *acceptor* ligands that bind the nanocrystals *via* a Lewis acidic interaction with the surface chalcogenide ions.^[@ref15]^ Nanocrystals present a special case for the Green formalism because the surface layer of excess metal ions may or may not be described as part of the ligand shell. The distinction between Z-type ligands and X-type ligands is therefore a semantic one, and a cadmium-rich cadmium selenide nanocrystal with RCO~2~^--^ ligands may equivalently be described as a stoichiometric cadmium selenide nanocrystal with Cd(O~2~CR)~2~ ligands.

Newer ligand exchange methods that address X-type ligands have led to rapid improvements in the fabrication of high mobility electrical devices. For example, substituting alkylcarboxylate and alkylphosphonate surfactants with metal chalcogenides (such as \[In~2~Se~4~\]^2--^),^[@ref18]^ S^2--^,^[@ref19],[@ref20]^ and \[SCN\]^−^ anions^[@ref21]^ produces electrostatically stabilized colloids that can be deposited into conductive nanocrystalline films. Thermal annealing at temperatures from 250 to 300 °C in the presence of elemental indium or indium chalcogenides and hydrazine produces solids with electron mobilities in the range of 7--27 cm^2^/(Vs)^[@ref22],[@ref23]^ that can be used to fabricate integrated circuits on flexible substrates.^[@ref24],[@ref25]^

While these advances are great strides toward utilizing CdSe nanocrystal solutions to create solution-processed devices, the precise elemental composition of these films and the influence of the annealing step on the electrical transport is not well understood. Further, it is of fundamental interest to study thin films in the absence of foreign metal dopants to determine the intrinsic electrical properties of closely coupled CdSe nanocrystals. There is also little information concerning the mesoscopic structure of conductive films including whether nanocrystals remain isolated but in close contact, fuse into a nanocrystalline network or coalesce into a large grain structure. For example, coalescence of nanocrystals into large grains occurs at 350 °C in CdTe~(2--*x*)~Se~*x*~ films in the presence of CdCl~2~.^[@ref26]^

We recently reported a multigram scale synthesis and detailed characterization of chloride-terminated CdSe nanocrystals bound by *n*-alkylamine (NH~2~Bu) and tri-*n*-alkylphosphine (PBu~3~) coligands (**CdSe-CdCl~2~/L**, L = NH~2~Bu, PBu~3~).^[@ref27]^ Unlike methods which exchange native surfactants for halides in the film state,^[@ref20],[@ref28]−[@ref30]^ we use well-characterized solutions of **CdSe-CdCl~2~/L** to prepare films with precisely defined compositions. Herein we report evidence that NH~2~Bu displaces CdCl~2~ from the nanocrystal surface and use this effect to tune the coverage of CdCl~2~ prior to film deposition and desorption of the organic ligands ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}). In this way, we assess the influence of the CdCl~2~ content on the resultant sintering behavior.

![Chloride ligand exchange, film deposition, and thermal desorption of the organic ligand shell.](nn-2014-02829s_0006){#sch1}

Results and Discussion {#sec2}
======================

Following our previously reported procedure, chloride-terminated, phosphine-bound cadmium selenide nanocrystals (**CdSe-CdCl~2~/PBu~3~**) were prepared by the addition of chlorotrimethylsilane to a solution of PBu~3~ (0.5 M) and carboxylate-terminated nanocrystals (**CdSe-Cd(O~2~CR)~2~**, 2.7--3.4 ^--^O~2~CR/nm^2^) ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"} and [Experimental Methods](#sec4){ref-type="other"}).^[@ref27],[@ref31]^ The ^1^H and ^31^P nuclear magnetic resonance (NMR) spectrum of isolated **CdSe-CdCl~2~/PBu~3~** shows the expected signals from PBu~3~ (0.6 nm^--2^, 32 PBu~3~ per nanocrystal, *d* = 4 nm) and a minor tri-*n*-butylphosphonium chloride contaminant (\[H-PBu~3~\]^+^\[Cl\]^−^) (0.02--0.06 nm^--2^ 1--3 per nanocrystal, *d* = 4 nm) ([Supporting Information](#notes-1){ref-type="notes"} Figures S1--S3). The absence of a vinyl resonance from the starting oleyl chain (δ = 5.65 ppm) verifies that the carboxylates are completely removed by reaction with chlorotrimethylsilane.

The PBu~3~ ligands (bp = 240 °C) can be exchanged for more volatile primary *n*-alkylamines like *n*-butylamine (NH~2~Bu, bp = 78 °C) to assist in the elimination of organics during film annealing ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}). An amine complex of cadmium chloride \[(NH~2~Bu)~*n*~(CdCl~2~)\]~*m*~ precipitates from the solution 12--36 h after isolation, which was isolated and characterized with FT-IR and energy-dispersive X-ray (EDX) spectroscopies (see [Experimental Methods](#sec4){ref-type="other"} and Figures S4 and S5). These spectroscopic features match those of an independently synthesized *n*-butylamine complex of CdCl~2~, which is likely a layered polymeric compound.^[@ref32]−[@ref34]^ X-ray photoelectron spectroscopy shows a 62% reduction in the chlorine content caused by the precipitation (Table S1 and Figure S6). These results are consistent with EDX measurements of films prepared from **CdSe-CdCl~2~/PBu~3~** and **CdSe-CdCl~2~/NH~2~Bu** where the Cl^--^ content drops from 8 to 3 atom % (Figure S7), corresponding to chloride ligand coverages of 2 and 1 nm^--2^, respectively. Thus, much like cadmium carboxylate,^[@ref15]^ CdCl~2~ is a labile Z-type ligand and can be displaced by PBu~3~ and NH~2~Bu as \[(PBu~3~)*~n~*(CdCl~2~)\]*~m~* and \[(NH~2~Bu)~*n*~(CdCl~2~)\]*~m~*. Separation of these complexes during the isolation of both **CdSe-CdCl~2~/PBu~3~** and **CdSe-CdCl~2~/NH~2~Bu** reduces the X-type ligand coverages compared to the starting **CdSe-Cd(O~2~CR)~2~**.

With these two nanocrystal samples in hand, we investigated the thermal desorption of their L-type ligands using diffuse reflectance infrared spectroscopy (DRIFTS). Solutions of nanocrystals were slurried with anhydrous potassium bromide and loaded into an *in situ* DRIFTS cell that was evacuated to \<10^--4^ Torr and heated while monitoring the vibrational spectrum ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). This approach allows us to use the absolute signal intensity as a quantitative measure of the relative organic ligand content during desorption. After 2 h under vacuum, the signals from the toluene solvent and free ligands are lost, leaving the signals from PBu~3~ and NH~2~Bu that are bound to the nanocrystal surface. Higher temperatures drive ligand desorption until 200 °C where 90% of the C--H stretching signal from **CdSe-CdCl~2~/PBu~3~** disappears. By using the phosphine coverage measured in solution with NMR spectroscopy (32 phosphines/nanocrystal, 0.6 phosphines/nm^2^), we estimate that 2 ± 1 phosphines per nanocrystal remain (∼2 atom % carbon) after ligand desorption, an amount on the order of the starting \[HPBu~3~\]^+^\[Cl\]^−^ content. In contrast, ≥99% of all signals in the C--H region from **CdSe-CdCl~2~/NH~2~Bu** are lost by 200 °C, corresponding to less than one amine ligand remaining per nanocrystal (\<0.5 atom % carbon). EDX spectroscopy confirmed that nitrogen and phosphorus are eliminated after 2 h of annealing at 250 °C and 10^--4^ Torr.

![Effect of annealing temperature on the *in situ* diffuse reflectance infrared and UV--visible absorption spectra of CdSe-CdCl~2~/PBu~3~ (A,C) and CdSe-CdCl~2~/NH~2~Bu (B,D). Near quantitative amine desorption occurs by 150 °C (B, inset) while \>90% phosphine dissociation occurs by 200 °C (A, inset) (see [Experimental Methods](#sec4){ref-type="other"} for details of quantitative analysis). Changes to the thin film asborption spectrum are nearly identical for both samples, where a significant red shift of the absorption onset and a broadening of the lowest energy transition (inset) occurs above 200 °C.](nn-2014-02829s_0001){#fig1}

Annealing the films causes their optical absorption spectra to red shift and broaden as the ligands desorb and the nanocrystals sinter. These changes are gradual below 150 °C and become more dramatic beginning at 200 °C. In the example spectra shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}, the first excitonic transitions gradually red shift by 40 meV (**CdSe-CdCl~2~/NH~2~Bu**) and 20 meV (**CdSe-CdCl~2~/PBu~3~**) after annealing for 2 h at 150 °C. At the same time, the full width at half-maximum (fwhm) increases by 32 meV (**CdSe-CdCl~2~/NH~2~Bu**) and 15 meV (**CdSe-CdCl~2~/PBu~3~**) as the nanocrystals interact more strongly. Surprisingly, these changes can be reversed if the film is exposed to neat primary amines, whereupon it redissolves, recovering the original nanocrystal absorption spectrum ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). After annealing at 200 °C or higher, the nanocrystals become irreversibly bound within the film and the spectrum broadens and red shifts more dramatically. At 250 °C, the line shape becomes reminiscent of bulk CdSe. We conclude that the small changes to the absorption spectrum occurring below 150 °C reflect a change in inter-nanocrystal separation during ligand loss, while the more dramatic changes that begin near 200 °C result from a distinct structural change that causes much stronger coupling between nanocrystals.

![UV--visible spectra, offset for clarity, show a red shift in the first electronic transition after annealing at 150 °C (middle, purple). The film can then be dissolved in a mixture of toluene and *n*-butylamine (top, green), recovering the original optical properties of the particles (bottom, dark green).](nn-2014-02829s_0002){#fig2}

Small- and wide-angle grazing incidence X-ray diffraction (GISAXS and GIWAXS) allow us to directly monitor the mesoscopic structure during sintering.^[@ref35]^ GISAXS of unannealed **CdSe-CdCl~2~/L** nanocrystal films produce a pair of isotropic rings at *q* = 1.3--1.4 and 2.5 nm^--1^, consistent with a glassy ensemble of quasi-spherical, monodisperse nanocrystals that are 4 nm in diameter and separated by 0.6--0.7 nm of ligand shell (∼0.7 nm per NH~2~Bu or PBu~3~ ligand) ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). Ligands are lost upon annealing under vacuum (10^--4^ Torr), reducing the interparticle spacing to near zero, which shifts the inter-nanocrystal scattering correlations to higher *q*. Above ∼150 °C, an increase in scattering below *q* = 1 nm^--1^ is observed and the correlations at higher *q* dissipate, signaling a loss of the regular nanocrystal spacing.^[@ref35]^ After 2 h of annealing at 200 °C, the signal from inter-nanocrystal correlations fades, and the pattern resembles diffuse scattering, particularly for films prepared from **CdSe-CdCl~2~/PBu~3~**. However, films prepared from **CdSe-CdCl~2~/NH~2~Bu** maintain some inter-nanocrystal correlations, suggesting a difference in the sintering kinetics and the resultant mesoscopic structure.

![GISAX of CdSe-CdCl~2~/PBu~3~ (A) and CdSe-CdCl~2~/NH~2~Bu (B) and GIWAXS patterns of CdSe-CdCl~2~/PBu~3~ (C) and CdSe-CdCl~2~/NH~2~Bu (D) at several temperatures from 25 to 200 °C. Above 200 °C in (C), reflections from CdCl~2~ crystals are visible at 24 and 26 nm^--1^ (\[1,0,4\] and \[1,0,--5\] respectively).](nn-2014-02829s_0003){#fig3}

More insight into these differences can be gleaned from the GIWAX patterns, which reveals the crystallite size and phase. In films prepared from **CdSe-CdCl~2~/NH~2~Bu**, the broad pattern characteristic of nanometer scale zinc blende crystallites persists up to 300 °C ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). Scherrer grain size analysis indicates the average grain size increases only slightly after 2 h of annealing at 250 °C (*d* = 4 ± 0.5 nm to *d* = 4.7 ± 0.5 nm) and an additional 1 nm at 300 °C (*d* = 5.7 ± 0.5 nm). These changes occur simultaneously with the loss of inter-nanocrystal correlations in the GISAXS pattern and may be caused by the oriented attachment of neighboring nanocrystals.^[@ref36]^ We interpret these changes as being caused by a sintering process where individual nanocrystals fuse with their nearest neighbors but do not coalesce.

Interestingly, nanocrystal thin films prepared from **CdSe-CdCl~2~/PBu~3~** undergo the same changes at much lower temperatures (200 °C, *d* = 4 to 5.7 ± 0.5 nm). At temperatures above 200 °C, a phase transition to wurtzite occurs and the diffraction lines narrow. The now broad distribution of large grains can be analyzed with scanning electron microscopy (SEM) and transmission electron microscopy (TEM) of slices prepared by focused ion beam sectioning ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} and Figure S8). Smooth, crack-free films of individual nanocrystals are replaced by contiguous, large crystal domains (≤100 nm) in films annealed at 300 °C. A significant density of voids between nanocrystals and between the nanocrystals and the substrate is clearly visible in the SEM images and TEM cross sections (Figures S8--S10). Thus, a clear difference in the extent of ripening was observed depending on the starting nanocrystal composition. Films prepared from **CdSe-CdCl~2~/PBu~3~** begin to form larger grain sizes at temperatures as low as 200 °C and rapidly reach tens of nanometer length scales at 250 °C (Figure S12), while ripening in the films prepared from **CdSe-CdCl~2~/NH~2~Bu** is much slower, and the original nanocrystal size and crystal phase are maintained until 300 °C or higher.

![SEM images of CdSe-CdCl~2~/PBu~3~ films (A) as cast and (B) annealed at 300 °C show clear formation of large wurtzite grains. CdSe-CdCl~2~/NH~2~Bu films show qualitatively less change (C) before and (D) after annealing at 300 °C. Large void spaces are apparent in B. All scale bars are 100 nm.](nn-2014-02829s_0004){#fig4}

A series of control experiments demonstrate that the change in growth kinetics is caused by the CdCl~2~ concentration rather than the amine or phosphine ligands. For example, the grain size remains unaffected if PBu~3~ is added to the solution used to spin-coat **CdSe-CdCl~2~/NH~2~Bu** or if nanocrystalline thin films derived from sintering **CdSe-CdCl~2~/NH~2~Bu** were dipped in PBu~3~ and subsequently reannealed under vacuum. However, if a sintered nanocrystal film prepared from **CdSe-CdCl~2~/NH~2~Bu** at 200 °C is dipped in a methanol or anhydrous tetrahydrofuran solution saturated with CdCl~2~, a large grain wurtzite structure forms after annealing at 200 °C. This is consistent with previous reports on II--VI semiconductor thin films prepared by close-space sublimation, electrochemical deposition, solution-processed nanocrystals, or spray pyrolysis, where it was shown that grain growth is catalyzed by CdCl~2~.^[@ref26],[@ref37]−[@ref42]^ Thus, a relatively small change in the chemical composition of the nanocrystal films can greatly influence the sintering process.

Interestingly, near the temperature where grain growth ensues, micrometer scale CdCl~2~ crystals form that are visible in SEM images as well as in the GIWAXS patterns ([Figures [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} and S12). The coincidence of the CdCl~2~ crystallite formation and the onset of CdSe grain growth suggests that the diffusion of CdCl~2~ near 200 °C is linked to the diffusion of CdSe. This is perhaps a consequence of the Lewis acidity of CdCl~2~, which can bind selenide anions and increase their mobility. Indeed, ripening of colloidal CdSe nanocrystals is known to be catalyzed by acids.^[@ref43]^ In the 8 atom % Cl^--^, the CdSe diffusion is rapid and the grains grow more easily, while in films with 3 atom % Cl^--^, the CdSe diffusion is relatively slow and \<5 nm grains are maintained at 250 °C and below. However, slow CdSe diffusion across the grain boundary may help grow the intergrain contact area, irreversibly fusing the nanocrystals to one another and causing the red-shifting and broadening of the UV--vis despite the apparent lack of grain growth in the GIWAXS.

Collectively, these observations support a three-phase annealing process as the temperature increases: (1) ligands desorb between room temperature and 150 °C, producing films of isolated nanocrystalline grains; (2) the film sinters as nanocrystals irreversibly fuse with their nearest neighbors yet maintain their original size (150--250 °C); (3) the nanocrystals begin to coalesce into larger grains (200--350 °C) ([Scheme [2](#sch2){ref-type="scheme"}](#sch2){ref-type="scheme"}). The temperature at which each of these transitions occurs depends on the ligand type, including both the L-type donors and the coverage of Z-type CdCl~2~. In particular, small changes to the CdCl~2~ content have a significant influence on the mesoscale structure. This clearly highlights the importance of reproducible control over the nanocrystal composition and the ligand exchange.

![Three stages of nanocrystal sintering during thermal annealing.](nn-2014-02829s_0007){#sch2}

Having demonstrated that the grain size can be tuned by altering the nanocrystal composition, we sought to correlate the mesostructure with the electrical transport properties. Thin film transistors (TFTs) were prepared by spin-casting and thermally annealing 30--100 nm CdSe nanocrystals on silicon wafers with 200 nm thermal oxide and then evaporating aluminum top contacts (100 μm channel lengths, *W*/*L* = 30). N-type conductivity becomes significant (\>10^--4^ S/cm) in films annealed to 200 °C or above, a temperature where irreversible sintering begins and the more dramatic broadening and red-shifting of the absorption spectra is observed. The transconductance was negligible below 200 °C.

Across 5 thin films (15 devices, 6 traces per device) prepared from three separate syntheses of **CdSe-CdCl~2~/NH~2~Bu** annealed at 250 °C and with \<5 nm domains, an average field-effect mobility was extracted in the linear region (⟨μ~Lin~⟩ = 14(5) cm^2^/(Vs)) ([Figure [5](#fig5){ref-type="fig"}E](#fig5){ref-type="fig"}). Low hysteresis in the threshold voltage (±1*V*~th~), a subthreshold slope of 4 V/decade, and the high on/off ratio of 10^5^ are all indicative of a high-quality semiconductor film free from mobile ions ([Figure [5](#fig5){ref-type="fig"}A](#fig5){ref-type="fig"}). Additionally, the 3 V median threshold voltage (*V*~th~) and carrier concentration of 3 × 10^16^ cm^--3^ are similar to other CdSe nanocrystal films on silicon dioxide^[@ref22],[@ref23]^ and suggestive of a relatively low density of unfilled trap states.

![(A) Transfer characteristics representative of CdSe-CdCl~2~/PBu~3~ and CdSe-CdCl~2~/NH~2~Bu TFTs are shown on the left. The CdSe-CdCl~2~/PBu~3~ transfer characteristics display a negative threshold voltage (−8 V) and low on/off ratio (∼100), while the CdSe-CdCl~2~/NH~2~Bu transfer characteristics turn on at positive gate bias (3 V) and have a large on/off ratio (10^5^). Each scan was acquired over 10--20 s. Output characteristics for CdSe-CdCl~2~/PBu~3~ (B) and CdSe-CdCl~2~/NH~2~Bu (D) TFTs with *V*~GS~ increasing from −10 (dark blue) to 50 V (dark red) in 10 V steps. (Bottom, middle column) shows a reduction in current at *V*~GS~ = 0 as well as a reduction in hysteresis. The right column displays a histogram of linear mobilities extracted from the transfer characteristics for CdSe-CdCl~2~/PBu~3~ (C) and CdSe-CdCl~2~/NH~2~Bu (E), respectively. Each color represents a separate nanocrystal synthesis that was examined across 3--6 different devices and demonstrates the reproducibility of this method.](nn-2014-02829s_0005){#fig5}

Surprisingly, the larger grain wurtzite films prepared from **CdSe-CdCl~2~/PBu~3~** showed poorer transistor characteristics with lower median electron mobilities of ⟨μ~Lin~⟩ = 1.3 cm^2^/(Vs) ([Figure [5](#fig5){ref-type="fig"}C](#fig5){ref-type="fig"}). Larger off currents and large and negative threshold voltages ⟨−8 V⟩ stem from a more heavily doped material (2.0 × 10^17^ cm^--3^). These films also have larger subthreshold slopes, 60 V/decade *versus* 4 V/decade for the nanocrystalline films above, which suggests a more defective electronic structure. Thus, despite the larger grain size observed in the GIWAXS and SEM images, the electrical transport is mediated by a greater concentration of defects with lower average mobility. This defective structure may be caused by the voids that separate nanocrystals from one another and from the substrate or by the high concentration of dopants. For example, previous studies of II--VI semiconductors have shown that selenium vacancies^[@ref44]−[@ref46]^ and chloride dopants^[@ref47],[@ref48]^ give rise to an increased carrier concentration and defect density. In the present study, these structures may form because of the relatively high chloride content (3--8 atom %, Figure S7). Additionally, the reaction of PBu~3~ ligands with selenium during the annealing process or poor wetting of the silicon dioxide substrate during grain growth could contribute to the transport properties observed.

The observed electrical characteristics correlate well with the three phase sintering model described in [Scheme [2](#sch2){ref-type="scheme"}](#sch2){ref-type="scheme"} and illustrate the importance of the fusion process to the electron mobility. Most importantly, desorbing the PBu~3~ or NH~2~Bu ligands and allowing the nanocrystals to intimately interact does not lead to substantial conductivity. This is perhaps surprising considering the 15--30 meV broadening of the lowest energy excitonic absorption feature, evidence of carrier delocalization. Instead, the films remain resistive (\>1 × 10^7^ Ωcm) and do not exhibit a gate effect unless the sample is heated to irreversibly fuse the grains, at which point more substantial broadening of the absorption spectrum occurs.

The nanocrystalline films prepared in this work are comparable to polycrystalline thin films of CdSe formed by evaporation and electrodeposition.^[@ref44],[@ref49]−[@ref52]^ These films have electron mobilities ranging from 3 to 100 cm^2^/(Vs) and carrier concentrations ranging from 10^11^ to 10^18^ cm^--3^, which are sensitive to the grain size, annealing temperature, and are enhanced by doping with indium.^[@ref47],[@ref53],[@ref54]^ In these studies, the grain size in the high-performance materials approaches 100 nm; however, our work clearly demonstrates that strong electronic coupling between nanocrystalline grains (\<5 nm) can reliably produce films with comparably high carrier mobilities (10--20 cm^2^/(Vs)) and low carrier concentrations (10^16^ cm^--3^).

Nanocrystal solids with compact inorganic ligands are often discussed as superlattices in which the individual nanocrystals couple to form new bands of electronic states where the interparticle coupling strength and the degree of site disorder determines the final mode of transport.^[@ref4],[@ref8],[@ref22],[@ref55],[@ref56]^ Our work provides clear evidence that desorption of the organic ligand shell is insufficient to achieve the coupling required for high charge mobilities and indicates that subsequent fusion of the nanocrystal solid is necessary. Previous studies of conductive CdSe nanocrystal solids annealed samples above 200 °C to achieve electron mobilities above 1 cm^2^/(Vs), implying that fusion and grain growth may also play a role in those studies. Moreover, the chemical composition of the nanocrystalline film sensitively influences the kinetics of the sintering process. In this study, a relatively small amount of Lewis acidic CdCl~2~ was important to the final mesostructure, but other acidic impurities can also be expected to cause grain growth,^[@ref43]^ while others might prevent fusion or contribute hysteretic currents. The chemical composition is precisely controlled in the present study, allowing us to prepare films that display consistent sintering and transport characteristics.

Conclusion {#sec3}
==========

We demonstrated that high mobility field-effect transistors can be fabricated from soluble nanocrystals following exchange of their carboxylate ligands for chloride. TFT performance on par with state of the art nanocrystal thin films was obtained without optimizing the gate dielectric or doping with indium. The mesostructure of the resulting film depends sensitively on the annealing temperature and time, as well as the presence of CdCl~2~, a variable that we control using solution ligand exchange methods. The sensitivity of the sintering process to the presence of CdCl~2~ clearly illustrates how small changes in the nanocrystal composition can influence the mesostructure and transport. Thus, detailed studies of electrical transport require reproducible and tunable nanocrystal surface chemistry. Moreover, we observed that charge mobilites greater than 0.1 cm^2^/(Vs) required fusion of the nanocrystal solid and was not achieved upon ligand desorption alone. This conclusion helps explain why high annealing temperatures are broadly utilized to obtain high mobility devices from colloidal CdSe nanocrystals.

Experimental Methods {#sec4}
====================

General Considerations {#sec4.1}
----------------------

Cadmium nitrate tetrahydrate (99%), sodium hydroxide, myristic acid (99%), selenium dioxide (99.8%), anhydrous oleic acid (99%), and 1-octadecene (90%) were purchased from Sigma-Aldrich and used as received. Benzene-*d*~6~ (99.6%) and anhydrous methyl acetate (99.5%) were purchased from Sigma-Aldrich, shaken with activated alumina, filtered, and stored over 4 Å molecular sieves at least 24 h prior to use. Pentane and toluene were dried using a solvent purification column, shaken with fresh activated alumina, and stored over 4 Å molecular sieves at least 24 h prior to use. Tri-*n*-butylphosphine (99%) was purchased from Strem and used without further purification in a nitrogen glovebox. Chlorotrimethylsilane (99%) and *n*-butylamine (99%) were purchased from Sigma-Aldrich, dried over CaH~2~, distilled, and stored in a sealed Strauss flask under argon. Highly p-doped, 1--20 Ωcm, \[100\] silicon wafers with 200 nm of dry thermal oxide were purchased from Silicon Quest International.

All manipulations were performed under air-free conditions unless otherwise indicated using standard Schlenk techniques or within a nitrogen-filled glovebox. Cadmium tetradecanoate was synthesized from cadmium nitrate and myristic acid on 22 mmol scale following previously reported procedures.^[@ref27],[@ref31]^ NMR spectra were recorded on Bruker Avance III 400 and 500 MHz instruments. ^1^H NMR spectra were acquired with sufficient relaxation delay to allow complete relaxation between pulses (\>30 s). ^31^P NMR spectra were recorded with 2 s delays between pulses. UV--visible absorption spectra were obtained using a PerkinElmer Lambda 950 spectrophotometer equipped with deuterium and tungsten halogen lamps, 150 mm integrating sphere with an InGaAs/PMT detector. Scanning electron microscopy was performed using a Hitachi 4700 tungsten cold field emission scanning electron microscope. Electrode deposition was performed using an Angstrom Amod deposition system installed in a nitrogen glovebox. Electrical measurements were performed in a nitrogen glovebox using an Agilent 4155C semiconductor parameter analyzer.

Synthesis and Isolation of CdSe-Cd(O~2~CR)~2~ {#sec4.2}
---------------------------------------------

Zinc blende CdSe nanocrystals were synthesized using a previously reported method.^[@ref27],[@ref31]^ In a typical synthesis, a 2 L flask is charged with 12.76 g of cadmium tetradecanoate, 2.5 g of selenium dioxide, and 1.5 L of octadecene, degassed, and heated to 240 °C. Volatile organics were then removed by vacuum distillation (130--135 °C, 20--50 mbar), and the residue was transferred to a nitrogen glovebox for purification *via* precipitation from pentane with methyl acetate. After isolation, a stock solution was prepared in benzene-*d*~6~ and ^1^H NMR and UV--visible absorption spectroscopies were used to estimate the surface ligand density as described previously.^[@ref27]^

Synthesis of CdSe-CdCl~2~/PBu~3~ and CdSe-CdCl~2~/NH~2~Bu {#sec4.3}
---------------------------------------------------------

CdSe-CdCl~2~/PBu~3~ was prepared following previously reported methods.^[@ref27]^ In brief, to a toluene solution of nanocrystals (\[^--^O~2~CR\] = 0.083 M) and Bu~3~P (0.5 M), Me~3~Si--Cl was added (12 equiv/^--^O~2~CR ligand) and the solution stirred for 3 h. The volatile component was removed by vacuum distillation, and the solid was purified *via* precipitation from toluene with pentane. Amine exchange was accomplished by dissolving a known volume of **CdSe-CdCl~2~/PBu~3~** stock solution in neat *n*-butylamine. Pentane was then added and purification by precipitation was performed. When the freshly exchanged nanocrystals are stored in solution with *n*-butylamine for 24 h, a white amine complex of CdCl~2~ forms (Figures S5 and S6 and Table S1), which may be removed by filtration. The purified nanocrystals were stored in solutions of toluene and *n*-butylamine (10 vol %).

DRIFTS Analysis {#sec4.4}
---------------

60 μL of CdSe nanocrystal stock solution (0.2 mM in nanocrystals) was mixed with KBr (0.5 g, \<8 wt %) and ground in a mortar and pestle inside a nitrogen glovebox. The mixture was loaded into the high-temperature stage of a Thermo Nicolet 6700 FTIR with Praying Mantis attachment. The chamber was sealed under partial vacuum (\>600 Torr) and placed within the beam path of the DRIFTS cell. The chamber was then connected to another vacuum pump fitted with an LN~2~ cold trap and evacutated to \<10^--4^ Torr. KBr blanks were taken in an identical manner for each temperature, and all data were processed by algorithmic baseline correction followed by the Kubelka--Munk transformation so that spectral intensity was proportional to concentration.

EDS Analysis {#sec4.5}
------------

Energy-dispersive spectroscopy was performed using a Hitachi 4700 cold field emission SEM equipped with a Si(Li) detector. Samples were prepared on either Si wafers coated in 30 nm Au with a 5 nm Cr adhesion layer or on highly ordered pyrolytic graphite freshly exfoliated with transparent tape. An electron energy of 20 keV was used for excitation, and the Se Kα, Cd Lα, and Cl Kα lines were analyzed using the Spirit software package.

Film Formation and Annealing {#sec4.6}
----------------------------

Silicon wafers were diced into 2.5 cm squares, washed with isopropyl alcohol, sonicated in isopropyl alcohol for 15 min, and dried under flowing nitrogen and then in an oven at 160 °C for 15 min before being brought into a nitrogen drybox. Substrates were then washed at 1700 rpm for 45 s with 3 mL of dry toluene passed through a 0.2 μm filter immediately prior to spin-casting.

A 200 μL nanocrystal solution, 0.2 mM in nanocrystals (∼25 mg/mL), was dropped onto the substrates and allowed to wet the entire surface. The substrate was spun at 600--1700 rpm to form a film 50--100 nm in thickness, which displays a strong specular reflection and color that changes as a function of the angle from which it is viewed. These are features of Fresnel reflection from a smooth interface.

Substrates were transferred to a tube furnace under flowing argon, which was then immediately evacuated to 10^--5^ Torr. The tube furnace was then heated to 200 °C and held for 30 min, at which point argon was reintroduced and allowed to flow at 15 sccm over the samples. The temperature was then increased to the desired value and held for 2 h under flowing argon and allowed to slowly cool to room temperature. The tube furnace was then opened under flowing argon, and the samples were immediately transferred to a nitrogen drybox.

X-ray Diffraction Experiments {#sec4.7}
-----------------------------

X-ray diffraction experiments were performed using the X9 beamline at the National Synchrotron Light Source (NSLS) at Brookhaven National Laboratory or using the D1 line at the Cornell High Energy Synchrotron Source (CHESS). All synchrotron diffraction experiments were performed on 1 cm × 1 cm samples prepared identically to thin film transistors or on 1 cm × 1 cm sections cut from transistor devices. Diffraction patterns were taken at incident angles of 0.07--0.30°, aligning the sample immediately prior to the measurement. Beam exposure time ranged from 3 to 10 s, empirically chosen to avoid saturating the detector. Measurements at CHESS were performed under ambient conditions, while all measurements at NSLS were performed at 10^--3^ Torr. *In situ* annealing was performed at NSLS using a heated stage. The detector positions were determined using a silver behenate standard. A 2D detector analysis was performed using a combination of Fit2d, View.gtk, and pyXSanalysis software suites.

Cross Sectional Transmission Electron Microscopy {#sec4.8}
------------------------------------------------

Transmission electron micrograph cross sections from annealed nanocrystal films were prepared by focused ion beam lithography at Brookhaven National Lab. Micrographs were taken using a JEOL JEM2100F at the Center for Functional Nanomaterials at Brookhaven National Lab with a 200 keV accelerating voltage with the beam normal to the section plane.

Thin Film UV--Visible Spectroscopy {#sec4.9}
----------------------------------

Nanocrystal films were cast on glass slides and annealed at temperatures ranging from 25 to 250 °C for 2 h at 10^--4^ Torr. Transmission and reflection spectra were taken using an integrating sphere equipped with an InGaAs detector. The −log(*t*/*t*~g~ + *r*/*r*~0~) was plotted against wavelength and normalized at 350 nm, where *t* is the transmitted signal, *t*~g~ is the transmission through an identical glass slide, *r* is the reflected signal, and *r*~0~ is the 100% reflection baseline calibrated to Spectralon.

Transistor Fabrication {#sec4.10}
----------------------

Deposition of aluminum electrodes was performed using a shadowmask in an Ångstrom Engineering deposition system. SEM was used to measure the channel length after deposition (60--100 μm range), the value of which was used to model of the electrical data. The channel width was 3 mm. Typical device dimensions were 50--75 nm of CdSe nanocrystals on highly p-doped Si wafers with 200 nm of dry thermal oxide dielectric and 100 nm thick Al electrodes.

Modeling {#sec4.11}
--------

Transfer curves were modeled using nonlinear least-squares fitting to ideal MOSFET models. Modeling was performed using the Enthought Python Distribution with the Python Data Analysis Library (pandas), Numeric Python (NumPy), Science Python (SciPy), and Matplotlib. The drain current was modeled in the saturation (*V*~DS~ \> *V*~GS~ -- *V*~t~) and linear regimes (*V*~DS~ \< *V*~GS~ -- *V*~t~):where *W*, *L*, *C*~ox~, μ, *V*~t~, *V*~GS~, and *V*~DS~ are the channel width, channel length, oxide capacitance, field-effect mobility, threshold voltage, gate-source bias, and drain-source bias, respectively. The *W* and *L* were measured using SEM after each measurement, while *C*~ox~ was computed from the thickness and dielectric constant of the oxide. Only μ and *V*~t~ parameters were extracted from the fit. Nonlinear least-squares fitting was performed for both transfer and output characteristics, and similar results were obtained. We define hysteresis as the absolute value of the difference between threshold voltage when reversing a transfer sweep.

Conductivity was extracted from the *V*~GS~ = 0 output characteristics by taking the slope about *V*~DS~ = 0, assuming that the current passes through a volume with dimension *W* × *L* × thickness as measured by SEM and assuming that the contact resistance was much less than the channel resistance. The carrier concentration was computed by dividing the conductivity by the elementary charge and ⟨μ⟩.
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